Aims. A group of new γ−ray pulsars has recently been detected by FERMI Large Area Telescope (LAT) in a blind search. In this paper, we report the results from searching for the multi-wavelength counterparts of these pulsars. Methods. To search for their counterparts, we have cross-correlated the FERMI LAT Bright γ-ray Source List with the XMM-Newton serendipitous source catalogue (SSC), data archives of Chandra and NRAO/VLA Sky Survey as well as USNO-B1.0 optical source catalogue. Results. We report the identification of an X-ray source in the XMM-Newton SSC, 2XMM J202131.0+402645, located within the 95% confidence circle of 0FGL J2021.5+4026. With an independent archival Chandra observation, we do not find any variability of this X-ray source. Together with the non-detection of any associated optical counterpart and its X-ray hardness, we suggest 2XMM J202131.0+402645 to be the only possible X-ray counterpart located in the error circle of 0FGL J2021.5+4026. This identification provides an X-ray position with arc-second accuracy, RA (J2000) = 20
Introduction
The successful launch of the FERMI Gamma-Ray Space Telescope on 11 June 2008 has led us into a new era of high energy astrophysics. The sensitivity of the Large Area Telescope (LAT) on the spacecraft is orders of magnitude higher than that of its predecessor, the Energetic GammaRay Experiment Telescope (EGRET ) on the Compton Gamma-Ray Observatory (CGRO). One mystery left by EGRET is the group of 150 unidentified γ−ray sources (Hartman et al. 1999 ). There was a speculation that most of the unidentified EGRET sources located close to the Galactic plane can possibly be rotation-powered pulsars. However, the small number of γ−ray photons collected from these sources by EGRET made the pulsation searches mostly fruitless.
With the much improved sensitivity, FERMI LAT is found to be very efficient in pulsar search. Shortly after its launch, it has expanded the population of γ−ray pulsars considerably (Abdo et al. 2008 (Abdo et al. , 2009a . The first pulsar detected by FERMI is 0FGL J0007.4+7303 which is located in the supernova remnant CTA 1 (Abdo et al. 2008) . Also, it is found to fall on the edge of the EGRET source 3EG J0010+7309 (cf. Fig. 1 in Abdo et al. 2008 ). This discovery demonstrates that the suggestion that many of the low Galactic-latitude unidentified EGRET sources are indeed pulsars not too speculative. Later on, the recently published FERMI LAT Bright γ−ray sources list has further reported the detections of 15 pulsars with significance > 10σ in a blind search (Abdo et al. 2009a) , including 0FGL J0007.4+7303, with more than half of them found to be associated with unidentified EGRET sources.
Apart from hunting pulsars in γ−ray regime, effort in searching for the counterparts in other wavelengths is also very important. The broadband emission properties of pulsars, from radio to γ−ray, are crucial in discriminating different competing models (e.g. see the recent reviews by Cheng 2008; Harding 2008 ). This will definitely shed detailed light on many unsettled debates, such as whether the high energy emission and radio emission are originated from the same accelerating region.
The FERMI LAT Bright γ−ray sources list is published with an intention to facilitate the multi-wavelength searches for the counterparts (see Abdo et al. 2009a) . Immediately after the release of this list, many studies have already made good use of it and shed light on the nature of these γ−ray sources (e.g. Abdo et al. 2009b , Bassani et al. 2009 ). The identifications of multi-wavelength counterparts are very important in restricting the positional uncertainties of these γ−ray emitting objects, which are beneficial for any further investigation.
In this paper, we report the results from searching for counterparts of the new γ−ray pulsars detected by FERMI LAT in different wavebands. In §2, we describe the searches which makes use of the archival data as well as the data analysis. We summarize and discuss our results in §3.
Data Analysis

Searches for X-ray counterparts
In order to search for possible X-ray counterparts of the 15 new γ-ray pulsars detected in a blind search with FERMI LAT (i.e. the γ-ray sources labeled as "LAT PSR" in col. 17 of Tab. 6 in Abdo et al 2009a), we firstly crosscorrelated the second XMM-Newton serendipitous source catalogue (hereafter XMM SSC) (Watson et al. 2009 ) with the FERMI LAT bright γ-ray source list (Abdo et al. 2009a ). XMM SSC is the largest catalogue ever constructed in X-ray astronomy, which contains 221012 unique sources 1 . Specifically, we search for all X-ray sources in XMM SSC which are located within the 95% confidence circles of the LAT pulsars. In total, we find 17 X-ray sources in the error circles of 3 different LAT pulsars which are: 0FGL J0007.4+7303, 0FGL J1809.5-2331 and 0FGL J2021.5+4026.
Four X-ray sources listed in XMM SSC coincide with the 95% error region of γ−ray emission from 0FGL J0007.4+7303. As mentioned in §1, 0FGL J0007.4+7303 is the first radio quiet γ-ray pulsar detected by FERMI which resides in the supernova remnant CTA 1 (Abdo et al. 2008) . The γ-ray emission from the pulsar is found to be originated from the position of the X-ray source 2XMM J000701.2+730307. Detailed Xray studies of this source have already been reported by Slane et al. (2004) with XMM-Newton and Halpern et al. (2004) with Chandra.
Within the γ−ray positional uncertainty of 0FGL J1809.5-2331, twelve X-ray sources in XMM SSC have been identified. Six of these X-ray sources are found to be coincident with a putative pulsar wind nebula, which has been suggested to associate with the unidentified EGRET source 3EG J1809-2328 (Roberts et al. 2006) .
Since the possible X-ray counterparts of 0FGL J0007.4+7303 and 0FGL J1809.5-2331 have already been investigated in details, we will not further consider these two pulsars as well as their associated X-ray sources. We forward the interested readers to the aforementioned studies. After the elimination, only 0FGL J2021.5+4026 is left behind. Searching for the related literature, we do not find any X-ray study with respect to 0FGL J2021.5+4026. Therefore, we focus on identifying and characterizing its possible X-ray counterpart and search for its radio counterpart in the rest of this paper.
1 The incremental version of this catalogue is used throughout in this study which is available at http://xmmssc-www.star.le.ac.uk/Catalogue/xcat public 2XMMi.html 2.2. X-ray analysis of the point sources in the error circle of 0FGL J2021.5+4026
Utilizing XMM SSC, we have identified only one X-ray object, 2XMM J202131.0+402645, in the error circle of 0FGL J2021.5+4026. This X-ray source is located less than 1 arcmin away from the reported γ−ray position of the LAT pulsar. The corresponding XMM-Newton observation was carried out on 1 December 2003 with MOS1/2 and EPIC-PN detectors operated in full frame mode (Obs. ID: 150960801). This observation was pointed to the geometrical center of the supernova remnant G78.2+2.1 with 2XMM J202131.0+402645 located ∼ 8.5 arcmin off-axis. Examining this dataset for times of high background, we notice that this observation was contaminated by softproton flares. Cleaning the data by removing these flares results in the effective exposure of ∼ 5 ks and ∼ 2.6 ks in MOS1/2 and PN detectors respectively. The combined MOS1/2+PN image of the full field-of-view is displayed in Figure 1 with the error circles of 0FGL J2021.5+4026 and 3EG J2020+4017 illustrated. An 8×8 arcmin 2 close-up view centered at the nominal position of 0FGL J2021.5+4026 is displayed in Figure 2 . 2XMM J202131.0+402645 is located just outside the 95% confidence circle of 3EG J2020+4017 (see Fig. 1 ) which is the brightest unidentified γ-ray source discovered by EGRET (Hartman et al. 1999) . Searches for X-ray counterparts of 3EG J2020+4017 have been reported by Becker et al. (2004) and Weisskopf et al. (2006) with Chandra ACIS spectro-imaging observations. The observation conveyed by Weisskopf et al. (2006) partly covered the error circle of 0FGL J2021.5+4026. This Chandra ACIS-I observation took place on 6 February 2005 with an effective exposure time of ∼ 14 ksec (Obs. ID: 5533). The ACIS-I image centered at the nominal γ−ray position of 0FGL J2021.5+4026 is displayed in Figure 3 , which has the same field-of-view as that in Figure 2 . The position of source S21 (as labeled in Weisskopf et al. 2006 ) is found to be consistent with that of 2XMM J202131.0+402645, and hence we concluded that they are the same object. As it is located outside the error circle of 3EG J2020+4017, it did not receive enough attention in Weisskopf et al. (2006) .
We notice that two other X-ray sources detected by Weisskopf et al. (2006) , namely S25 and S28 in their paper, are also found to be located within the 95% error circle of 0FGL J2021.5+4026 (see Fig. 3 ). As a number of important parameters in characterizing these sources, such as the estimate of the source extent and the spectral properties, were not reported by Weisskopf et al. (2006) , we decided to re-analyze this dataset. We have independently performed the source detection with the Chandra data by means of a wavelet algorithm. To constrain their source positions accurately, aspect offset, which is a function of the spacecraft roll angle, have been carefully checked and corrected prior to the analysis. The source detection reports the signal-tonoise ratios of S21, S25 and S28 to be 5.8σ, 9.6σ and 2.5σ respectively. All three sources are found to have their spatial extents comparable with the estimated size of the point spread function (PSF) at their off-axis angles in the CCD. Therefore, based on this Chandra observation, no evidence for any extended structure is found to associate with these sources.
We noticed that the X-ray emission from S25 is found to be highly variable in the exposure of Chandra. Its longterm variability is further supported by the non-detection of any source at its position in the XMM-Newton observation. S28 is a faint X-ray source close to the detection threshold and found to have an optical counterpart (cf. Weisskopf et al. 2006 ). These properties make these two sources very unlikely have any association with a neutron Fig. 3 . The 8 × 8 arcmin 2 field centered at the nominal γ−ray position of 0FGL J2021.5+4026 which is partly covered by a Chandra observation. Three sources located in the 95% confidence circle of 0FGL J2021.5+4026 are labeled with the same designations in Weisskopf et al. (2006) . star/rotation-powered pulsar (see the discussion in Hui & Becker 2009 ). On the other hand, no optical counterpart has been identified with S21 (cf. Tab. 5 in Weisskopf et al. 2006) . Furthermore, we do not find any evidence of temporal/spectral variability for this source, neither in individual exposures nor in comparing the observations from different epoch. Therefore, S21 remains to be the only promising Xray counterpart of 0FGL J2021.5+4026 located in the 95% confidence circle of the γ-ray pulsar.
Utilizing the Chandra data, the X-ray position of S21 is constrained to be RA (J2000) = 20 h 21 m 30. s 553, Dec (J2000) = +40
• 26 ′ 46. ′′ 89. The corresponding positional error in each direction reported by our source detection are δRA=1.11" and δDec=0.73" respectively. To avoid underestimating the uncertainties, we have to further consider the nominal pointing uncertainty of the spacecraft. The uncertainty can be estimated from the distribution of aspect offset for a sample of point sources with accurately known celestial positions 2 . There is 68% of 70 sources imaged on ACIS-I have offsets smaller than ∼ 0.4". We adopted this value as the astrometric uncertainty and added to the aforementioned quoted errors in quadrature for each coordinate. This gives the resultant 1σ positional errors as δRA=1.18" and δDec=0.84".
Although the search for the optical counterpart of S21 by Weisskopf et al. (2006) yield null-detection, we independently looked for any optical identification of this Xray source in USNO-B1.0 catalogue (Monet et al. 2003) with the improved X-ray position. Within our estimated 1σ X-ray positional uncertainty, we cannot identify any optical counterpart of S21 down to the limiting magnitude of USNO-B1.0 catalogue (i.e. 21; cf. Monet et al. 2003) . This confirms the result reported by Weisskopf et al. (2006) .
To further quantify the identification, we computed the probability of S21 located in the search area by chance: P coincide = N X δRA δDec/r 2 s , where N X , δRA/δDec and r s are the number of X-ray sources detected within the search region, the positional uncertainties in RA/Dec and the radius of the search region respectively. As we searched for X-ray counterparts within the error circle of 0FGL J2021.5+4026, the search radius r s is equal to the 95% confidence circle of the γ−ray pulsar which is 0.053
• . With N X = 3, δRA=1.18" and δDec=0.84", P coincide is estimated to be 8 × 10 −3 %. To examine the nature of 2XMM J202131.0+402645 (S21), we make use of both XMM-Newton and Chandra observations that cover it. We extract the source spectrum from a circle with a radius of 20 arcsec in both datasets. The corresponding background spectrum is extracted from a nearby source-free circular region of the same size. After the background subtraction, there are 28 ± 6 and 42 ± 7 net source counts available from the XMMNewton and Chandra observations respectively. We compute the response files with the XMMSAS tasks RMFGEN and ARFGEN for XMM-Newton and with the CIAO tools MKACISRMF and MKARF for Chandra.
Owing to the small numbers of the collected photons, we adopt the C−statistic (Cash 1979 ) for all spectral fittings which is insensitive to the binning. The spectral analysis is performed with XSPEC 12.3.1 in the energy band of 0.3 − 10 keV and 0.5 − 8 keV for the data obtained from XMM-Newton and Chandra respectively. To better constrain the model parameters, we fix the column density at the total Galactic neutral hydrogen absorption of n H = 1.4 × 10 22 cm −2 (Dickey & Lockman 1990) . First, we analyze the XMM-Newton and Chandra spectrum separately. We find that neither the inferred spectral parameters nor the flux between these two datasets are different in the independent fittings. Thus, the lack of variability justifies combining both datasets to improve the photon statistics.
The X-ray spectrum of 2XMM J202131.0+402645 can be described with an absorbed power-law model (see Figure 4) . The inferred C−statistic is 12.42 for 16 degrees of freedom. The best-fit model yields a photon index of Γ = 4.93 −13 ergs cm −2 s −1 in 0.3 − 10 keV. The robustness of the spectral parameters quoted in this paper is checked by repeating the analysis by incorporating the background spectrum sampled from different source-free regions. It is found that within the 68% confidence intervals the spectral parameters inferred from independent fittings are all consistent with each other.
3 The normalization is (R km /D10) 2 , where R km is the source radius in km and D10 is the distance to the source in unit of 10 kpc. Because of the limiting number of collected photons, the spectral analysis of 2XMM J202131.0+402645 is not particular constraining. To further investigate whether this source is a promising pulsar candidate, we proceeded to examine its hardness ratio and constrain its properties by means of a color-color diagram. Following Elsner et al. (2008), we used three energy bands in this analysis S (0.5 − 1 keV), M (1 − 2 keV) and H (2 − 8 keV). Figure 5 shows the plot of (H − S)/T versus M/T , where T is the energy band 0.5 − 8 keV. The filled circle with the 1σ error bars attached represents the location of 2XMM J202131.0+402645 in this plot. We have also computed the predicted values for a power-law spectrum with photon index varying from Γ = 1 to Γ = 6 for different values of hydrogen column absorption. The results are plotted as the curves in Figure 5 .
By definition, all classes of X-ray sources should lie in the triangular boundary formed by S = M = H = 0. Soft sources should lie close to the line H = 0, while the hard sources lie close to the line S = 0. The soft sources at the left side are most likely to be field stars in the Milky Way, and the hard sources at the right side are likely to be pulsars or background AGNs. Typically AGNs have long-term flux variability and strong optical emission which are not found for 2XMM J202131.0+402645. Together with these properties, the hardness of the X-rays from this source further suggests it to be a promising counterpart of a pulsar.
Although the detection of X-ray pulsations at the location of 2XMM J202131.0+402645 would provide us an unambiguous evidence that it is associated with a γ−ray pulsar, the small photon statistics and the large frame time of the existing data do not allow any meaningful timing analysis.
Search for radio counterpart of 0FGL J2021.5+4026
We have also searched for possible radio counterpart for 0FGL J2021.5+4026 with the data from the NRAO/VLA Sky Survey (NVSS) (Condon et al. 1998 ). Interestingly, we have identified an excess apparently associated with the γ−ray pulsar within its error circle. The radio image at 1.4 GHz of the 6 × 6 arcmin 2 field centered on the nominal γ−ray position of 0FGL J2021.5+4026 reported in Abdo et al. (2009a) is displayed in Figure 6 . Radio contours calculated at the levels between 10 − 25 mJy/beam are overlaid. We have identified an elliptical feature with a size of about 3 arcmin×1.5 arcmin in the center of this radio map. The peak of the radio emission is found to be ∼ 0.2 arcmin and ∼ 0.9 arcmin off from the nominal γ−ray position of 0FGL J2021.5+4026 and the X-ray position of 2XMM J202131.0+402645 respectively. However, the limited angular resolution of NVSS data does not allow us to determine the accurate origin of this elliptical radio feature in order to secure its association with the γ−ray/X-ray position.
Apart from this elliptical feature, a radio feature extends for ∼ 3 arcmin from the nominal γ−ray pulsar position to north-west. This feature has a jet-like morphology. It is also interesting to notice the orientation of this jetlike feature is almost orthogonal to the major axis of the elliptical feature.
Adopting the FWHM of the beam and the rms fluctuation of the image to be 45 arcsec and 0.45 mJy/beam respectively (cf. Condon et al. 1998) , we estimated the flux densities at 1.4 GHz of the elliptical feature and the jet-like feature to be 139 ± 4 mJy and 85 ± 2 mJy respectively.
Apart from the radio excess reported in this paper, recent observations with the Milagro γ−ray Observatory have found a 4.2σ TeV excess in the error circle of 0FGL J2021.5+4026 (Abdo et al. 2009b ). The reported TeV 
Summary and Discussion
In this paper, we have reported the properties of the possible X-ray counterpart of the γ−ray pulsar, 0FGL J2021.5+4026, which has just recently been detected by FERMI LAT. The X-ray source, 2XMM J202131.0+402645, is found to be located within the 95% confidence circle of 0FGL J2021.5+4026. The lack of spectral/temporal variabilities in X-ray, the non-detection of any optical counterpart as well as its X-ray hardness make this source a promising X-ray source associated with the pulsar.
The Chandra observation of 2XMM J202131.0+402645 provides us with an accurately determined X-ray position. Such accuracy can certainly facilitate further investigations in other wavelengths. For example, it will be useful in constraining the timing solution in radio pulsation search as well as providing an accurate pointing direction for deeper optical observations.
We have also examined its X-ray spectrum. However, ascribing to the limited photon statistic, the spectral analysis in not particularly constraining. As it is not possible to discriminate if its emission is non-thermal or thermal dominant with the existing data, we discuss each scenario in the following.
The non-thermal X-ray emission, which is characterized by a power-law spectrum, can further be separated into two different contributions, namely the pulsed and non-pulsed non-thermal emission. The pulsed non-thermal emission is originated from the charged particles which are accelerated to relativistic energies in the pulsar magnetosphere (see reviews by Cheng 2008 and Harding 2008) . The model-predicted X-ray photon index for this component is generally accepted to be < ∼ 2 (see Cheng & Zhang 1999) . The inferred photon index of 2XMM J202131.0+402645, Γ = 4.93 +0.66 −0.60 , is considered to be too large in comparison with the predicted value.
On the other hand, the non-pulsed non-thermal emission is generally accepted to be originated outside the light cylinder and arise from the interaction between the pulsar wind and the circumstellar medium (see Chevalier 2000; Cheng, Taam, & Wang 2004) . In this scenario, a larger value of photon index can be resulted from the fast synchrotron cooling. Electrons with the energy distribution, N (γ) ∝ γ −p , are able to radiate their energy with photon index Γ = (p + 2)/2, where γ is the Lorentz factor of the electrons. The index p due to shock acceleration typically lies between 2 and 3 (cf. Cheng 2008 and reference therein). This would result in a photon index Γ ∼ 2.0−2.5. This predicted range is supported by many Xray observations of pulsar wind nebulae (e.g. Hui & Becker 2006 , 2007 . However, this range also lies outside the 68% confidence interval inferred for the photon index of 2XMM J202131.0+402645. Therefore, our quoted result is hard to reconcile with the generally accepted picture of non-thermal emission from a pulsar. Nevertheless, one has to notice that the n H is fixed at the total Galactic absorption throughout our analysis. If 2XMM J202131.0+402645 is located closer to us, the intrinsic n H can be smaller than our adopted value. As n H and Γ are correlated parameters in spectral fitting, the over-corrected absorption in the soft band can result in a steeper power-law. In Fig. 5 , within ∼ 2σ uncertainty of the hardness ratio M/T , the photon index can attain a value in an acceptable range for non-thermal pulsar emission with n H at the order of ∼ 10 21 cm −2 . A much longer exposure than the existing data is required to better constrain both n H and Γ.
The thermal emission from a pulsar can be contributed from the whole surface of the neutron star and/or from the hot polar cap. We firstly assume the observed X-rays come from the surface of a cooling neutron star. For a canonical size with a radius of 10 km, the 1σ upper bound of the blackbody normalization implies the source distance to be > ∼ 28 kpc which is likely to be outside of our Galaxy. This suggests the assumed scenario of a cooling neutron star is not plausible. On the other hand, a much smaller emitting region can be resulted from the hot polar cap. The conventional polar cap size, R pc , on the stellar surface is defined by the last open magnetic field-lines: R pc = R NS 2πR NS /cP , where R NS , c and P are the neutron star radius, the speed of light and the rotational period respectively. The 1σ confidence interval of the blackbody normalization implies the distance, D, in a range of 0.4P
kpc, where P 1 is the pulsar period in the units of seconds. The period of this newly detected γ−ray pulsar is not yet available in the literature. If one assumes the pulsar is Gemingalike with a period of ∼ 0.2 sec, the blackbody normalization infers the distance to be ∼ 1 − 2 kpc which is not unreasonable.
It is possible that all the aforementioned emission components can have contribution in the observed X-rays. The relative contribution from each component depends on the age of the pulsar, the structure and the orientation of the magnetic field, the viewing geometry as well as the surrounding interstellar medium. A dedicated deep spectroimaging observation of 2XMM J202131.0+402645 can help to disentangle and constrain the properties of these possible components. Although we do not find any evidence of extended X-ray structure, which resembles a PWN, associated with 2XMM J202131.0+402645 based on the existing X-ray data, one should notice that it locates close to the edge of the CCD in these observations which degrades both the sensitivity and the spatial resolution. A deep observation with 2XMM J202131.0+402645 on-axis is certainly needed to better constrain its spatial extent in order to determine if there is any PWN X-ray emission associated with this source. Also, a deep X-ray observation can possibly lead to the detections of fainter sources in the 95% error circle of the pulsar, which might help to secure or refute the identification of 2XMM J202131.0+402645 as a possible counterpart.
Apart from identifying 2XMM J202131.0+402645 as the X-ray counterpart of 0FGL J2021.5+4026, it is also very interesting to notice an excess of radio emission in the error circle of this γ−ray pulsar. The morphology of the radio feature is found to be similar to that of a PWN which has a torus+jet structure. However, we also notice that this feature is close to the edge of the bright supernova remnant G78.2+2.1 which has a complex morphology (cf. Green 2006) . Therefore, based on the NVSS data, it is not clear whether the radio excess is a part of G78.2+2.1 or it is an individual feature. Interferometric radio observations with higher angular resolution are needed for further constraining the nature of this target. Neutral hydrogen observation towards this target can also lead to the determination of its distance, which is the most important parameter to estimate the energetics of this source.
Needless to say, the detections of X-ray/radio pulsations at the position of 2XMM J202131.0+402645 with the same period as 0FGL J2021.5+4026 will secure their association unambiguously. Dedicated timing studies in Xray/radio band are certainly required to look for this clue. However, one should notice that not all γ−ray pulsars have their pulsed emission detected in the other energy bands. The most recent example is 0FGL J0007.4+7303 in CTA 1 which has its pulsations only detected in γ−ray regime so far (Abdo et al. 2008) . Even though the pulsation searches in other wavelengths may not yield any detection, these dedicated observations can still be very important in constraining the broadband radiation properties of 0FGL J2021.5+4026 by place an upper limit on its pulsed emission.
